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Source-sink status of small and large wetland fragments
and growth rate of a population network
Abstract
Many organisms persist in populations that are spatially structured by human-induced loss
and fragmentation of their native habitats. Despite this, the demographic contributions of local
populations to a population network and to the growth rate of such a network are still largely
unexplored. Using data on individually marked young and adult female reed buntings (
Emberiza schoeniclus ) from 21 local populations studied over six years in northeastern
Switzerland , we examined the source—sink status of small and large local populations with
recently developed metrics. We hypothesized that including emigration to the population
network (the C r metric) would classify more local populations as sources than when only
focusing on the ability of local populations to maintain themselves (the Rr metric). We further
tested the hypothesis that the relative contribution of small and large local populations to the
population network does not differ. The inclusion of emigration to the population network
resulted in significantly higher values than when only considering the contribution of local
populations to themselves, the difference between the metrics averaging 30%. Despite this,
most local populations in our study turned out to be sinks (C r value <1), suggesting that
substantial immigration is required for maintaining local populations as well as the entire
population network (growth rate of network always <1). Both large and small populations
contributed equally to the population network. We conclude that (a) the source—sink status of
local populations is more comprehensively described by metrics including emigration (such as
C r ) than by metrics focusing on processes within local populations (such as Rr ); (b) the
network of local populations studied here is not viable without immigration; and (c) small
local populations can be as valuable as large local populations in their contribution to a
population network.
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 Summary 
 Many organisms persist in populations that are spatially structured by 
human-induced loss and fragmentation of their native habitats. Despite 
this, the demographic contributions of local populations to a population 
network and to the growth rate of such a network are still largely unex-
plored. Using data on individually marked young and adult female reed 
buntings ( Emberiza schoeniclus ) from 21 local populations studied over six 
years in northeastern Switzerland , we examined the source—sink status 
of small and large local populations with recently developed metrics. We 
hypothesized that including emigration to the population network (the 
 C r metric) would classify more local populations as sources than when 
only focusing on the ability of local populations to maintain themselves 
(the  Rr metric). We further tested the hypothesis that the relative contri-
bution of small and large local populations to the population network 
does not differ. The inclusion of emigration to the population network 
resulted in significantly higher values than when only considering the 
contribution of local populations to themselves, the difference between 
the metrics averaging 30%. Despite this, most local populations in our 
study turned out to be sinks (C r value <1), suggesting that substantial 
immigration  is required for maintaining local populations as well as 
the entire population network (growth rate of network always <1). Both 
large and small populations contributed equally to the population net-
work. We conclude that (a) the source—sink status of local populations is 
more comprehensively described by metrics including emigration (such 
as  C r ) than by metrics focusing on processes within local populations 
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(such as  Rr ); (b) the network of local populations studied here is not 
viable without immigration; and (c) small local populations can be as 
valuable as large local populations in their contribution to a population 
network. 
 Background 
 Many plant and animal species persist as local populations in frag-
mented habitats throughout human-influenced landscapes. The habitat 
fragments hosting local populations typically differ in size, quality and con-
nec tivity, all of which may affect the fate of individuals and ultimately the 
persistence of a potential network of local populations (Hanski  2005 ). Such 
networks, often referred to as metapopulations (Hanski  1999 ) or patchy popu-
lations (Harrison  1991 ; Matthysen  1999 ), have been shown to be less extinc-
tion-prone than isolated  populations, for example because local extinctions are 
prevented through immigration (the rescue effect ; Brown and Kodric-Brown 
 1977 ; Stacey and Taper  1992 ) or because empty fragments can be recolonized 
from nearby local populations (Hanski  2005 ). 
 Studies on networks of local populations have often addressed presence/
absence patterns of single or multiple species as well as composition and per-
sistence of species communities. Far less common are studies examining the 
demography of species occurring in population networks and the conse-
quences of temporal and spatial variation in demographic rates across local 
populations for the persistence of population networks (see Runge  et al .  2006 
for a recent review). From ecological and evolutionary perspectives, local popu-
lations contributing disproportionately to the entire set of local populations 
are particularly important, because such local populations may be driving 
the dynamics of the network and may influence the potential for adap tation 
(Kawecki  2004 ). From a conservation point of view, local populations contri-
buting most to a population network may be the key targets of management 
strategies, particularly in times of limited funding for the application of large-
scale conservation measures. 
 In his seminal paper, Pulliam ( 1988 ) used habitat-specific demography to 
distinguish source from sink habitats. Based on reproductive rate and adult 
and juvenile survival probabilities, the metric  λ (lambda ) was calculated, with 
source habitats having  λ > 1 and sinks  λ < 1. The relative ease of calculation and 
the increasing need to distinguish source and sink habitats for conservation 
purposes resulted in a plethora of studies addressing some aspects of source—
sink dynamics (Runge  et al .  2006 ). However, Pulliam’s  λ exclusively focuses on 
processes within habitats or local populations, which is insufficient for assess-
ing source—sink status because emigration is not taken into account. The  C r 
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metric recently proposed by Runge  et al . ( 2006 ) overcomes this shortcoming 
by simultaneously assessing the relative demographic contribution of a focal 
local population to itself and to all other local populations in the network of 
interest. 
 We here present results on the demographic status and contributions of 
local populations of the reed bunting ( Emberiza schoeniclus ) inhabiting wet-
land remnants varying in size from 2 to 250 ha scattered throughout a highly 
human-modified landscape in Switzerland . Based on data from six years and 
21 local populations, we first examine whether the  C r metric and a metric 
closely related to Pulliam’s  λ termed  Rr (“self-recruitment rate”; Runge  et al . 
 2006 ) differ in their assessment of the source—sink status of local populations. 
The  Rr metric “represents the ability of a local population to maintain itself 
through retention and self-recruitment (i.e., in the absence of immigration )” 
(Runge  et al .  2006 ). Thus, while  Rr describes net gains of the focal population 
to itself,  C r describes net gains to all local populations collectively (Runge  et al . 
 2006 ). We hypothesized that emigration was an important component of the 
population network and thus the  C r metric would classify more local popula-
tions as sources than the  Rr metric. Secondly, using the  C r metric, we assessed 
the relative demographic contributions of large and small local populations 
to the population network. Our initial hypothesis was that local populations 
inhabiting large fragments would act as demographic sources by producing 
more offspring and contributing more emigrants to the population network 
than local populations in small fragments. An alternative hypothesis was that 
the relative contribution of small and large local populations does not differ, 
because we have found no differences in reproductive performance and recruit-
ment of reed buntings between small and large fragments in previous research 
(Pasinelli  et al .  2008 ). Finally, we calculated the growth rate of the entire popu-
lation network per year to see whether the network is self-sustainable. 
 Methods 
 Study species 
 The reed bunting is a migratory, ground-nesting passerine with a trans-
palearctic distribution. In Switzerland , reed buntings exclusively breed in 
wetlands, and the presence of old reed  Phragmites sp. is the most important cue 
for territory establishment (Surmacki  2004 ) by males returning from the win-
tering grounds in southeastern France (Glutz von Blotzheim and Bauer  1997 ). 
If old reed habitat (see below for an explanation) is missing, reed buntings will 
not settle, and the wetland will remain unoccupied throughout the breed ing 
season. Reed buntings defend small nesting territories, while foraging takes 
place in undefended areas of wetland vegetation adjacent to the territory . 
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Radio-tracking revealed that reed buntings do not leave wetlands while for-
aging, a result independent of wetland fragment size (Silvestri  2006 ). 
 Reed buntings are reproductively mature in the first breed ing season after 
the birth year. Nests are usually placed in tussocks, heaps of old grass, or under 
broken, horizontal old reed stems within old reed habitat, but as the breed -
ing season progresses, nests are also placed along ditches or in sedge meadows 
adjacent to old reed patches (35% of a total of 416 nests; Pasinelli  et al .  2008 ). In 
Central Europe, birds may make up to five breeding attempts per season, but 
more than two successful nests are rare. Clutch size is 2—6 eggs and generally 
declines with season. Nesting success is highly variable and is strongly affected 
by both preda tion and the occurrence of floods. 
 Study area and local populations 
 From 2002 to 2005 we recorded reproductive performance of reed bun-
tings in 21 wetland nature reserves  scattered over an area of 200 km 2  in south-
eastern Canton Zurich (47°16′/08°47′), Switzerland ( Fig. 10.1 ). Based on land-use 
maps from the Cantonal Office for Nature Conservation, these 21 nature reserves 
represent all the fragments potentially suitable for reed buntings in the 200 km 2  
area. The fragments range in size from 1.9 to 247.2 ha (median 10.5 ha, interquar-
tile range 4.2—16.7 ha). All the wetlands in the Canton Zurich are nature reserves 
and are managed in late summer/fall to prevent natural succession and to fight 
exotic plant species. As a consequence, reed re-grown during spring and summer 
is annually cut, except for reed along water bodies. Hence, reed along water bodies 
has not been cut for several years and has been allowed to build bands or patches 
of old reed habitat, the preferred breed ing habitat of the reed bunting. 
 We selected our study area to contain several wetland fragments with suf-
ficient variation in size and degree of isolation on a logistically manageable 
spatial scale. In addition, the set of wetland fragments is relatively isolated, as 
there are no fragments hosting more than 20 reed buntings within 20 km of 
our study area, which is 20 times the natal dispersal distance of the reed bunt-
ing as known at the beginning of this study (0.95 km; Paradis  et al .  1998 ). The 
closest extensive breed ing areas of the species are approximately 50 km away 
along Lake Constance, collectively hosting an estimated number of more than 
1,000 breeding pairs (Bauer  et al .  2005 ). 
 The scattered distribution of the reed bunting reflects the historical, natural 
patchiness of the preferred habitat (see above), but it is also a consequence of the 
dramatic landscape alterations that have occurred during the past two centur-
ies throughout Central Europe. Many of the formerly extensive wetlands have 
been drained in the twentieth century, resulting in substantial loss of reed hab-
itats. In Switzerland , the reed bunting is currently confined to nature reserves 
typically surrounded by agricultural landscapes, which do not act as barriers 
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to dispersing individuals (Mayer  et al .  2009 ), but result in a highly patchy dis-
tribution, with habitat fragments hosting 1—200 breed ing pairs (Schmid  et al . 
 1998 ). For further details on the study area, see Pasinelli and Schiegg ( 2006 ), 
Pasinelli  et al . ( 2008 ), and Mayer  et al . ( 2009 ). 
 We defined as a local population the breed ing pairs within each fragment. 
In the three largest local populations, 20—60 pairs of reed buntings bred annu-
ally (Orniplan, unpublished report; G. Pasinelli, unpublished data). Within the 
three largest local populations, reproductive performance of at least ten breed-
ing pairs per local population was annually monitored in randomly selected 
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 figure 10.1. 
 Location of the local populations of the reed bunting studied in northeastern 
Switzerland from 2002 to 2007. L1, L2, L3 are the three large populations, S indicates 
the 18 small local populations (see text for further details). Words indicate names of 
lakes. 
9780521199476c10_p216-238.indd   220 5/18/2011   5:19:33 PM
Source—sink status of small and large wetland fragments 221
study plots along the lakefront. The study plots had been selected at the begin-
ning of the study in 2002, and the same plots were monitored in all years. In 
the other 18 local populations, all breed ing pairs present were annually moni-
tored, with the annual number of breeding pairs ranging from 0 to 5. The three 
study plots in the large local populations as well as the 18 small local popula-
tions are referred to as the “intensively monitored study area.” 
 Field procedures 
 From mid-March to early August 2002—2005, each local population was 
visited at least twice per week by two observers. Nests were located by stand-
ing on ladders and observing females building the nest, leaving the nest, 
and returning to it during incubation or when the parents were feeding the 
young. The young were individually color-band ed between nestling days 6 
and 9. Given that partial brood loss is rare in the nestling stage (18 of 296 nests; 
G. Pasinelli, unpublished data), we considered the number of nestlings banded 
as equal to the number of fledglings, because fledging usually occurs from 
day 10 onward (Glutz von Blotzheim and Bauer  1997 ). We did not check nests 
after young had been banded, in order to avoid premature fledging (Glutz von 
Blotzheim and Bauer  1997 ). Adults were caught with mist nets using playback 
tapes (males) or at the nest when feeding the young (males and females). After 
capture, birds were individually color-banded. Over 90% of the study popula-
tion was color-banded in all study years. 
 Two blood samples (each max. 50 μl) per individual were taken by punctur-
ing the brachial vein (permission number from the Cantonal Veterinary Office, 
Zurich: 169/2001) to sex nestlings in order to obtain the number of female 
fledglings for the demographic analysis (see below). Blood was absorbed with 
heparinized microcapillaries. Samples were either stored in microcapillaries 
directly or blown into APS-buffer (Arctander  1988 ) and stored at −20°C. Sexing 
of nestlings followed the PCR-based method of Griffiths  et al . ( 1998 ). 
 From May to July 2003—2007, identity of territory owners in the intensively 
monitored study area was assessed to infer dispersal patterns. Further, we sys-
tematically searched for banded birds outside the monitored study plots in 
the three large local populations and opportunistically in wetlands outside 
of our 200 km 2  study area. This area outside the intensively monitored study 
area is below referred to as “outside area.” We focused our search for banded 
reed buntings on wetlands because the species does not use habitats other than 
wetlands during breeding time in the Canton Zurich. The period between May 
and July corresponds to the breed ing season of the reed bunting in our study 
area; individuals observed during that time are considered breeding birds. 
Non-breeding territorial individuals were extremely rare (G. Pasinelli , unpub-
lished data). 
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 Calculations of source–sink status of local populations and 
population growth rate 
 Extra-pair matings are a general feature of the reed bunting’s social system, 
with 54—86% of the nests containing extra-pair young and 30—55% of all nestlings 
produced being the result of extra-pair fertilizations (Dixon  et al .  1994 ; Bouwman 
 et al .  2005 ; Kleven and Lifjeld  2005 ; Keiser  2007 ). Frequencies of extra-pair fertili-
zations in the reed bunting are among the highest reported to date (Griffith  et al . 
 2002 ). A few males could therefore, in theory, father most of the offspring, making 
females rather than males the limiting sex for population growth. We therefore 
calculated demographic rates, contributions of local populations, and population 
growth rate of the overall network based on females only. 
 The source—sink status of local populations was assessed in three ways 
as follows. First, because the reed bunting population was stage-structured 
 (i.e., consisting of two stages: first-year and adult individuals), an expression 
similar to the one detailed in Appendix A of Runge  et al . ( 2006 ) was used to 
calculate  C r , which is the per capita demographic contribution of local popu-
lation  r to the entire population network in the next time step (here the next 
year). First-year individuals were birds banded as fledglings in our study 
area, with “first-year” referring to the time period between fledging and the 
end of the subsequent breed ing season. Adult individuals were birds first 
captured and banded as adults in a breeding season. Although Appendix 
A in Runge  et al . ( 2006 ) presented a pre-breeding matrix to calculate  C r , we 
used a post-breeding matrix (see below), with numbers of fledglings (i.e., 
the first-year birds) and adults counted at the end of the breed ing season 
(see Caswell  2001 and Morris and Doak  2002 for the difference between pre-
breeding and post-breeding censuses). Incorporating demographic rates per 
stage class in the calculation of  C r increases realism and should be consid-
ered whenever such rates are available. The stage structure required demo-
graphic parameters of the stage classes ( k ) to be multiplied by their relative 
abundance ( w  k   r  , see below) (Runge  et al .  2006 : Appendix A). Population pro-
jection matrices provide a useful way of presenting stage structure (Caswell 
 2001 ). Because a population projection matrix for the many local popula-
tions in this study would be too complex to portray, a matrix for two local 
populations is presented: 
 
φ β φ β φ β φ β
φ φ φ φ
φ β φ β
J A A A J A A A
J A J A
J A A A
11 1 11 1 21 1 21 1
11 11 21 21
12 2 12 2 φ β φ β
φ φ φ φ
J A A A
J A J A
22 2 22 2
12 12 22 22






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 with  β A 1  and  β A 2  , respectively, being the per capita adult ( A ) female reproduction 
in local populations 1 and 2,  ϕ A11  and  ϕ J11  , respectively, being the probability that 
an adult ( A ) and juvenile ( J ) female in local population 1 in one breeding season 
was alive and in local population 1 in the next breed ing season, and  ϕ A12  and 
 ϕ J12  , respectively, being the probability that an adult ( A ) or juvenile ( J ) female in 
local population 1 in one breeding season was alive and in local population 2 in 
the next breeding season. Note that in the above matrix the  ϕ  j  parameters are 
multiplied by  β A parameters, because per capita reproductive rate of first-year 
( β J ) and older females ( β A ) did not differ (G. Pasinelli, unpublished data). The  ϕ 
parameters are transition probabilities, i.e., the product of the apparent sur-
vival probability ( S ) and the movement probability ( ψ ), respectively, per stage 
class (see below for estimation of  S and  ψ ). To obtain  C 1  , i.e., the contribution 
of local population 1 to the entire population network in the next time step 
(here the next year), the columns pertaining to local population 1 are added 
and multiplied by their relative stage-class abundances : 
 C 1  =  w   J  1  ( ϕ  J  11  β  A1  +  ϕ  J  11  +  ϕ  J  12  β  A2  +  ϕ  J12  ) +  w  A1  ( ϕ  A11  β  A1  +  ϕ  A11  +  ϕ  A12  β  A 2  +  ϕ  A12  ). (10.1) 
 Local population 1 is classified as a source if  C 1  > 1 and as a sink if  C 1  < 1. Note 
that Eq. (10.1) is for two local populations, but it can be generalized to  C r with 
many local populations. 
 Second, calculating  C r as just explained can reflect the contribution of 
different local populations in two years. For example, in the lower-left sub-
matrix of the matrix shown above, the fecundity terms (i.e.,  ϕ  J  12  β  A2  and  ϕ  A12  β  A2  ) 
consist of the transition probabilities ( ϕ  J12  and  ϕ  A12  ) from local populations 1 
to 2 between year 1 and 2, and of the per capita female reproduction ( β  A2  ) from 
local population 2 in year 2, a consequence of the post-breed ing approach 
applied. Hence, the  C  r  value of local population 1 in one year is affected by 
the reproductive rate of local population 2 in the next year. This problem is 
universal to all analyses based upon post-breeding matrices. To avoid the 
mixing of contributions from different local populations and years, we also 
calculated  C  r  based on equation 6 in Runge  et al . ( 2006 ), reminiscent of a pre-
breeding approach, as 
 C 1  =  ϕ  A11  +  ϕ  A12  +  β  A1  ( ϕ  J11  +  ϕ  J12  ). (10.2) 
 Third, by removing all terms dealing with transition (i.e., emigration ) prob-
abilities from one local population to another, Eqs. (10.1) and (10.2) simplify 
to: 
 R 1  =  w  J1  ( ϕ  J11  β  A1  +  ϕ  J11  ) +  w  A1  ( ϕ  A11  β  A1  +  ϕ  A11  ) (10.3) 
 R 1  =  ϕ  A11  +  β  A1  ϕ  J11   (10.4) 
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 with  R 1  being the “self-recruitment rate” of local population 1 (Runge  et al . 
 2006 ).  R 1  is conceptually similar to Pulliam’s ( 1988 )  λ , in that it focuses on the 
demographic processes within a local population (or habitat patch, fragment, 
etc.). Local population 1 is classified as a source if  R 1  > 1 and as a sink if  R 1  < 1. 
The structured post-breed ing approach to estimating  R 1  (Eq. 10.3) is novel, and 
to make comparisons with  C 1  from Eq. (10.1) valid, we used the following year’s 
reproductive rate, as we did with post-breeding  C 1  . 
 Growth rate of the entire population network per year ( λT ) was  calculated 
by summing the annual  C  r  values of the local populations, with  C  r values 
weighted by the relative abundance of the respective local populations 
(counted either pre- or post-breed ing, see above). Note that  λT calculated in 
this way is ident ical to deriving population growth from a structured popula-
tion matrix model (see Runge  et al .  2006 for details). Like population growth 
derived from matrix models,  λT does not account for the effects of immigration. 
 Estimating demographic rates 
 Multistate capture—mark—recap ture models were used to estimate prob-
abilities of encounter ( p ), apparent survival ( S ) and movement ( ψ ) between local 
populations. Since individual identification occurred by resigh ting rather than 
recapture, the models in fact are capture—mark—resighting models, but were 
parameterized statistically as the multistate models detailed in Hestbeck  et al . 
( 1991 ). An important point is that  S reflects apparent survival (combined prob-
ability of true survival and fidelity to the study area), because some emigrants 
will always be missed (unless the study species can be perfectly surveyed). Thus, 
 S is less than the rate of true survival, which is true both for every local popu-
lation and for entire patchy populations or metapopulations. In consequence, 
transition probabilities ( ϕ ) represent minimum estimates, because  ϕ para-
meters are products of  S and  ψ . 
 Multistate capture—mark—resigh ting histories were constructed for each 
banded female (fledglings and adults), with the state referring to the three 
large local populations (L1, L2, L3), the 18 small local populations pooled 
into one category (S) and the outside area (X). Small local populations had to 
be pooled because it was not possible to reliably estimate  p ,  S and  ψ for local 
populations hosting only very few breed ing pairs. The category X was included 
to improve estimation of transition probability (and hence survival probabil-
ity), because some fledglings recruited to territories outside the intensively 
monitored study area. The multistate analyses were based on the fates of 126 
adult females and 374 fledgling females followed from 2002 to 2007 (i.e., five 
resighting occasions). 
 We used the program MARK 5.0 to estimate  p ,  S and  ψ (White and Burnham 
 1999 ). Seven models with different structures for S and  ψ (constant or variable 
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across states and time) were evaluated ( Table 10.1 ). In contrast,  p was allowed to 
vary with age only because we saw no reason why  p would vary across states, and 
insufficient data precluded estimating  p across time. Owing to the small sample 
size, only additive models in terms of  S and  ψ were examined. Because we were 
interested in separately evaluating the source—sink status of each local popu-
lation category as accurately as possible,  ϕ parameters were then calculated by 
model-averag ing (see below) across the top three models, for which the sum of 
the Akaike weights was 99.9%. Akaike weights indicate the level of  support for a 
given model by the data (Burnham and Anderson  2002 ). Goodness- of-fit (GOF) 
of the fully time-dependent model was determined with the program U-CARE 
(Pradel  et al .  2003 ), which indicated no lack of fit (χ 2  = 22.1, df = 38,  P > 0.98). This 
implies no lack of fit of reduced-parameter models either, such as the models 
detailed above in which we were interested. 
 The annual per capita reproductive rate was obtained by summing the 
female fledglings produced per local population category per year and divid-
ing by the number of breeding females in the respective local population cat-
egory in that year. 38 fledglings from 13 nests (out of a total of 214 nests with 
fledglings) could not be sexed, so we assumed half of those nestlings per nest to 
be females, based on a 50:50 primary offspring sex ratio in reed buntings in our 
study area (own unpublished data) and elsewhere (Bouwman  et al .  2007 ; Keiser 
 2007 ). 
 The  ϕ parameters were calculated based on model-averag ing  S and  ψ values 
across the top three models in program MARK. Model-averag ed variance— 
covariance matrices were also obtained from MARK; these were then used 
according to the Delta method (Powell  2007 ) to estimate variance. Resampling 
( n = 1,000,000) from the beta distribution, based upon the point estimate and 
variance, was then used to estimate the 95% confidence intervals (CI) for the  ϕ s 
to avoid CIs containing values less than 0. The Delta method was also applied 
to estimate variances for  C and  R values, with 95% CIs estimated by 1.96*SE (see 
 Fig. 10.4 ). 
 Results 
 Demographic rates 
 Of the seven models examined, the best-supported one had time-
constant survival  S and movement  ψ probabilities ( Table 10.1 ). Based on this 
model, encounter probabilities ( p ) over all the years and local populations were 
0.421 (95% CI 0.235—0.634) for first-year females and 0.736 (0.583—0.847) for 
adult females. Model-averaged apparent annual first-year female survival ( S ) 
was 0.103 (95% CI 0.045—0.162). Survival rates differed neither across years 
nor fragments ( Fig. 10.2 ,  Table 10.1 ). Apparent adult female survival was 
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consistently higher than first-year survival, when compared within the same 
local population categories ( Fig. 10.2 ). Model-averag ed apparent annual adult 
survival was 0.455 (0.340—0.570). No differences were apparent between years 
and local populations ( Fig. 10.2 ,  Table 10.1 ). 
 Model-averag ed survival/emigration ( ϕ rs ) and survival/philopatry ( ϕ rr ) 
rates of first-year females across years and local populations were in the 
 table 10.1.  Multistate model results for female reed buntings in northeastern 
Switzerland from 2002 to 2007. Models sorted according to decreasing support.  S = 
apparent survival probability,  p = encounter probability,  ψ = movement probability, a 
= age ( first-year vs. adults), t = time ( five periods), g = groups (i.e., the five states L1, L2, 
L3, S, X, representing the four local populations plus the outside area).  K = number of 
parameters, ∆AICc = difference in AICc to the best model, A_weights = Akaike weights, 
indicating support for a model. 
Model K −2log(L) AICc ∆AICc A_weights
{ S a  p a ψ a } 7 741.6 755.7 0.000 0.773
{ S a + t  p a ψ a + t } 15 727.4 758.3 2.534 0.218
{ S a  p a ψ a + g } 26 710.5 765.0 9.211 0.008
{ S a + t + g  p a ψ a + g } 34 696.1 768.3 12.586 0.001
{ S a + g p a ψ a + g } 30 706.5 769.8 14.044 0.001
{ S a + t + g  p a ψ a + t + g } 50 682.1 791.5 35.744 0.000
{ S a + g  p a ψ a + t + g } 46 692.3 792.2 36.419 0.000
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 figure 10.2. 
 Apparent survival  S of first-year (filled bars) and adult female reed buntings (hatched 
bars). Estimates and error bars (95% confidence intervals) calculated by model-
averaging over the three top models in  Table 10.1 . 
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ranges 0.078—0.097 and 0.013—0.025, respectively ( Fig. 10.3 ). In 2003, 2004, 
and 2005,  ϕ rs were larger than  ϕ rr of the respective local population category, 
as indicated by the non-overlapping 95% confidence intervals in  Figure 10.3 . 
In 2002, the 95% confidence intervals slightly overlapped, although  ϕ rs and  ϕ rr 
rates were quite different. Values of both rates varied little across fragments 
and years ( Fig. 10.3 ). For adult females, model-averag ed  ϕ rs rates ranged from 
0.054 to 0.063 and  ϕ rr rates from 0.375 to 0.424.  ϕ rr rates of adults within a 
local population category and year were always substantially higher than  ϕ rs 
rates ( Fig. 10.3 ). Note that the  ϕ rates of both first-year and adult females were 
very similar across all local population categories, since the two best models 
did not support differences between local populations ( Table 10.1 ). 
 Over all years and local population categories, per capita production of 
female fledglings averaged 1.79 (range 0.73—3.0,  n = 16). We found no dif-
ference in per capita production across years (Friedman test, χ 2  = 2.1, df = 3, 
 P = 0.557;  Table 10.2 ) or between the local populations (χ 2  = 1.8, df = 3,  P = 0.622). 
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 figure 10.3. 
 Annual survival/emigration ( ϕ rs ) and survival/philopatry rates ( ϕ rr ) of first-year 
and adult female reed buntings per local population.  ϕ rs rates are the products of 
apparent annual survival and probabilities of moving from local population  r to the 
other local populations  s (diagrams on the left);  ϕ rr rates are products of apparent 
annual survival and probabilities of staying within a local population (diagrams on 
the right).  ϕ rs and  ϕ rr rates are based on model-averaging  S and  ψ values across the top 
three models in  Table 10.1 ; error bars (95% confidence intervals) calculated with the 
Delta method (see Methods). Note different scaling of  y -axes. 
9780521199476c10_p216-238.indd   227 5/18/2011   5:19:34 PM
g i l b e r t o  p a s i n e l l i , j o n a t h a n  p. r u n g e  a n d  k a r i n  s c h i e g g228
 Comparison between  Rr and  C
  r  
 Based on both  Rr metrics, all local populations were sinks in every year 
( Fig. 10.4 ). Two possible exceptions were local populations L1 and L2 in 2004, 
when 95% confidence intervals included 1 for structured  Rr values (calculated 
with Eq. 10.3). The inclusion of emigration rates did not change the general 
source—sink assessment, because most  C  r  metric values and associated 95% con-
fidence intervals were also <1 ( Fig. 10.4 ). The only exception was local popula-
tion L2 with a  C  r  of 1.01 in 2004, when calculated with Eq. (10.1). Further, 95% 
confidence intervals included 1 for structured  C  r  values (Eq. 10.1) of L1 and L3 
in 2004, and for non-structured  C  r  values (Eq. 10.2) of L1, L2 and L3 in 2002. 
Pooled over the years, the  C r  metric based on Eq. (10.1) classified one local 
population as source and 11 as sinks, while the  R r  metric based on Eq. (10.3) 
classified all 12 local populations as sinks (Fisher exact test;  P > 0.49,  n = 24). 
Based on Eqs. (10.2) and (10.4), the respective numbers were 16 sinks for  C  r  
and 16 sinks for  R  r ( P = 1.0,  n = 32). Thus, the  C  r  metrics did not classify more 
local populations as sources than the  R r  metrics did. Nevertheless, population-
specific  C r metrics were significantly larger than the respective  R r  metrics in 
every year and with both approaches to calculate  C  r  and  R r  (Wilcoxon tests, 
 P < 0.045 in each case).  C  r  values calculated with Eq. (10.1) were on average 
28.9% (±5.5, SD) larger than the respective  R r  values.  C  r  values calculated with 
Eq. (10.2) were on average 32.7% (±3.8, SD) larger than the respective  R r  values. 
 Temporal and spatial variation in  C
 
 r
 
 
 The  C  r  values calculated with Eq. (10.2) did not significantly differ 
across years (Friedman test; χ 2  = 5.1, df = 3,  P = 0.165) ( Fig. 10.4 ). Likewise, 
 C  r  values did not differ among the four categories of local populations (χ 2  = 
1.8, df = 3,  P = 0.622). Thus, on a per capita basis, the relative contribution of 
the small local populations to the population network was not statistically 
different from that of the larger local populations ( Fig. 10.4 ). Note that the 
respective tests were not possible with  C  r  values calculated with Eq. (10.1), 
owing to insufficient sample size. 
 Growth rate of the entire population network 
 In every year, growth rate  λT of the population network, calculated by 
summing the weighted annual  C  r  values of the local populations (see Methods), 
was <1 ( Fig. 10.5 ). That the overall size of the population network (as measured 
by the number of breeding females) did not decline over the study period implies 
substantial immigration . The closest large breeding area (>1,000 breeding pairs), 
which may act as both source of immigrants to and receiver of emigrants from 
our population network, is approximately 50 km away along Lake Constance. 
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 table 10.2.  Per capita female fledgling production across years and local 
populations. Per capita production calculated as the sum of female fledglings 
produced per local population category per year divided by the number of breeding 
females in the same local population category in that year.  N = number of nests. 
Local population category
Year Large 1 Large 2 Large 3 Small  X̄ SD N
2002 3.0 1.9 2.2 1.6 2.2 0.6 110
2003 2.0 1.6 2.0 1.8 1.8 0.2 114
2004 1.1 0.7 1.4 1.9 1.3 0.5 99
2005 2.0 2.4 1.6 1.6 1.9 0.4 117
 X̄ 2.0 1.7 1.8 1.7
SD 0.8 0.7 0.4 0.2
N 103 93 80 164
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 figure 10.4. 
 C r and  Rr values per local population category and year for the reed bunting in 
northeastern Switzerland, calculated with structured (Eqs. 10.1 and 10.3) and  
non-structured approaches (Eqs. 10.2 and 10.4). Dashed horizontal lines:  C r = 1 and 
 Rr = 1; values above or below dashed lines indicate sources or sinks, respectively. Note 
that in the structured approach, no estimates were possible for the year 2005, which 
would have required reproductive data from 2006. Note different scaling of y-axis. 
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 Discussion and conclusions 
 Methodological issues 
 To assess the source—sink status of local populations, we have used both 
structured (Eqs. 10.1 and 10.3) and non-structured approaches (Eqs. 10.2 and 
10.4) to calculate the metrics  C  r  and  R r , the latter being conceptually similar to 
Pulliam’s  λ ( 1988 ) (Runge  et al .  2006 ). A structured approach allows examin-
ation of the contribution and elasticity of the different stage classes to the over-
all population growth of the network, which may yield important insights for 
species conservation (e.g., Caswell  2001 ). A structured approach should thus 
be used for any population that has observable age or stage classes, but most 
source—sink studies have so far neglected this point. An operational definition 
of age or stage structure is the observation of more than one age or stage class in 
a population. In age-classified models, individuals always advance to the next 
age class. In stage-classified models, individuals may advance, stay in the same 
stage class, or even regress to previous stage classes (Caswell  2001 ). In this study, 
both adults and newborns were observed every year. Because adults stayed 
in the same class from year to year, this is a stage-class model. Observations 
occurred post-breeding and thus two stage classes define the population. 
 One difference between the  R r  presented in Eq. (10.3) and Pulliam’s  λ ( 1988 ) 
is the inclusion of population structure. When populations are structured, the 
different classes need to be weighted by relative stage-specific abundance if 
metrics such as  C  r  or  R r  are to be accurately calculated. As an extreme example, 
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 figure 10.5. 
 Relation between annual number of female breeders (left axis, bars) and growth 
rate  λT of the population network (right axis, symbols and lines) from one year to the 
next. Dots and solid line = structured approach (Eq. 10.1), triangles and dashed 
line = non-structured approach (Eq. 10.2).  λT could not be calculated from 2005 to 
2006 with the structured approach (no reproductive data from 2006). 
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suppose that due to prior overharvesting of adults, a population consists of 99% 
juveniles and 1% adults. Even if adult survival were 1.0 (after harvest ceased), 
adults would contribute proportionally little to population growth. Hence the 
need to account for the different proportions of stage classes in a population. 
 Despite the advantages outlined above, applying a post-breed ing struc-
tured approach to  C  r  can be conceptually challenging, because  C  r  reflects the 
contribution of the focal population  r to the population network through the 
reproductive contribution of philopat ric individuals the next year ( β A ), the dis-
persal contribution ( ϕ rs values) and, in addition, the reproductive contribution 
of emigrants from  r in their target populations  s ( β A s ) the next year. Thus,  C  r  cal-
culated with the post-breeding structured approach consists of both contribu-
tions from  r and all the local populations containing emigrants from  r . This 
makes it difficult to examine the potential influence of certain factors char-
acterizing local population  r , for example habitat quality or genetic compos-
ition, on  C  r  particularly if dispersal is high. Using a non-structured approach 
in the form of Eq. (10.2) partially circumvents this complication, at the cost of 
being unable to assess the contribution and elasticities of stage classes and of 
overestimating  C  r  in organisms that have different vital rates in different stage 
classes. Note that Eq. (10.2) is non-structured because observations (e.g., popu-
lation counts) would occur just prior to breeding, when adults and 1-year-olds 
are inseparable (cf., Morris and Doak  2002 ; Runge  et al .  2006 ). Equation (10.2) 
in this study represents a “pseudo-pre-breeding” approach, because the data 
were collected according to a post-breeding sampling protocol. 
 Whether to use a structured or non-structured approach depends on the 
goals of the analysis. If the contributions and the elasticities of stage classes 
are of interest, then a structured approach is recommended. If the focus is on 
the relative contribution of local populations to a network, as in our example, 
then a non-structured approach in the form of Eq. (10.2) may be appropriate, 
so long as its use in a structured population does not bias estimates of  C  r . Note 
that such bias is circumvented only when these three conditions are met: there 
are no more than two stage classes (or if more than two stage classes occur, the 
adult stage classes have identical survival and reproductive rates), reproduct-
ive rates between the two stage classes are equal, and stable age distribution is 
the weight determined to be most appropriate (the use of Eq. (10.2) essentially 
assumes a stable age distribution). 
 Ecological conditions of the study system, as well the ecology and life his-
tory of the study species, may affect the approach of choice. For example, differ-
ences between post- and pre-breeding approaches will increase with temporal 
variation in vital rates: if a good year for reproduction follows a bad one, the 
differences between the two approaches can be stark. High emigration  rates 
combined with high spatial variation in reproductive rates will also accentuate 
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the differences between the two approaches. Thus, (detailed) knowledge of the 
species’ ecology and the study system should assist the choice of approach. 
 By and large, the structured and non-structured approaches gave similar 
results in our study, in that local populations were almost always classified as 
sinks. The few possible discrepancies illustrate the complications pointed out 
above. For example, local population L2 was classified as source in 2004 by the 
structured  C  r , but as sink by the non-structured  C  r . This is because reproduc-
tion in 2005 was higher than in 2004 ( Table 10.2 ; Pasinelli  et al .  2008 ), resulting 
in a proportionately larger reproductive contribution of emigrants from L2 in 
2005 than in 2004. 
 Both  C r  contribution metrics (Runge  et al .  2006 ) resulted in significantly 
higher values than the respective  R r  metrics, with the differences averaging 
30%. Depending on the metric used (i.e.,  C  r  or  R r ), different assessments of the 
conservation value of local populations or fragments may result, which in turn 
may have profound consequences for the allocation of resources for conserva-
tion and management, and actions taken. This is particularly important when 
local populations have  C  r  values close to 1, in which case the use of  R r  may lead 
to an underestimation of the value of a fragment, if only those with  R r  > 1 are 
deemed valuable. Local populations with  C  r  > 1 and  R r  < 1 depend on immi-
grants for their continued existence, but at the same time provide emigrants 
for other local populations. Such situations have been termed “dependent 
sources” (Hixon  et al .  2002 ) and may be very common in highly mobile organ-
isms such as birds (e.g., Sillett and Holmes  2002 ). We therefore strongly advo-
cate use of the  C  r  metric in addition to  R r  (perhaps along with other metrics; 
see Ovaskainen and Hanski  2003 ; Runge  et al .  2006 ) in studies attempting to 
assign source—sink status to local populations. 
 Source—sink status of local reed bunting populations 
 We found no support for our first hypothesis that  C  r  would classify more 
local populations as sources than would  R r , as all local population categor-
ies turned out to be primarily sinks, irrespective of the metric used to assess 
source—sink status. One possible explanation for this finding is that estimated 
transition rates were biased low due to emigration from the sampled area, 
resulting in incorrect estimates of  C  r . In mobile organisms, such as birds, it is 
notoriously difficult to adequately estimate dispersal and emigration (Walters 
 1998 ; Dunning  et al .,  Chapter 11 , this volume). Based on ring recoveries in the 
UK, mean natal dispersal distance was previously estimated to be 0.95 km 
(Paradis  et al .  1998 ). Median natal dispersal distance in our study was 4 km 
(interquartile range: 0.98—5.22 km,  n = 30), and the longest natal dispersal 
event was 12 km (G. Pasinelli, unpublished data). However, the suggestion that 
9780521199476c10_p216-238.indd   232 5/18/2011   5:19:35 PM
Source—sink status of small and large wetland fragments 233
young reed buntings may settle much farther from their birthplaces than sug-
gested by our natal dispersal data is supported by a male nestling banded in a 
local population 150 km away, who settled and bred in the local population L2. 
Such long-distance dispersal events are probably not uncommon in the reed 
bunting, because population genetic data indicate high levels of gene flow 
both within our study area (Mayer  et al .  2009 ) and between our study area and 
other local populations throughout Europe (Mayer  2009 ). Thus, it is possible 
that the scale of our study area was insufficient to accurately assess  C  r , because 
dispersal occurs over much larger distances than those possible within our 
study area and expected at the beginning of our study. The problem associated 
with accurately estimating dispersal in spatially limited study sites has long 
been recognized (e.g., van Noordwijk  1984 ) and may be accentuated in highly 
mobile organisms such as migratory bird species, in which propensity of natal 
dispersal is greater than in resident species (Weatherhead and Forbes  1994 ). 
Assigning source—sink status to local populations by means of  C  r  and similar 
metrics requires taking into account the scale of the study area relative to the 
dispersal capacity of the species; that is, in species with high dispersal capaci-
ties, such as the reed bunting, estimation of  C  r  is less accurate than in species 
with low dispersal capacities. In widely dispersing species, a population classi-
fied as a sink within the study area may therefore be a source range-wide. 
 On the other hand,  ϕ rs rates of first-year and adult females from the net-
work would need to be, when averaged over years and local populations, 0.32 
(assuming adult  ϕ rs as estimated above) and 0.42 (assuming juvenile  ϕ rs as esti-
mated above), respectively, to arrive at a  C  r  of 1 for the entire network. In other 
words,  ϕ rs rates of first-year and adult females would need to be, respectively, 
over 365% and 725% larger than the estimated  ϕ rs . Most dispersal events are 
due to juveniles in their first year of life, while adult dispersal is rare in most 
species (but see Dale  et al .  2005 for an exception), so that underestimation of 
natal dispersal may be more severe than adult dispersal in our study. Further, 
assuming  ϕ rs of adult females to be zero (i.e., no emigration of adult females 
within and from the population network), first-year  ϕ rs would need to be large 
to turn the different local populations into sources ( Fig. 10.6 ). The same holds 
true for adult female  ϕ rs (i.e., setting first-year  ϕ rs to zero) ( Fig. 10.6 ). Thus, 
emigration  rates from the population network surveyed, as well as dispersal 
among local populations within the network, would need to be much larger 
than the observed emigration within the network, suggesting that underesti-
mation of total emigration is unlikely to be the only reason for the sink status 
of our local populations. 
 Another explanation for the sink status of most local populations in our 
study may be low first-year and/or adult female survival. Apparent annual sur-
vival of females in their first year of life varied from 0.05 to 0.16 in our study. 
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Compared with first-year survival rates (both sexes combined) in British reed 
buntings, our values are on the lower end of those reported by Peach  et al . 
( 1999 ) and well below those reported by Siriwardena  et al . ( 1998 ). However, 
the comparison is problematic for at least two reasons. First, both Siriwardena 
 et al . ( 1998 ) and Peach  et al . ( 1999 ) based their assessments on juveniles caught 
during summer in mist nets; that is, they considered only young that had 
already survived the immediate post-fledgling period, when juvenile mortal-
ity has been shown to be highest in several songbird species (Krementz  et al . 
 1989 ; Thomson  et al .  1999 ; Naef-Daenzer  et al .  2001 ; Yackel Adams  et al .  2006 ). 
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 figure 10.6. 
 Source—sink status of local populations in relation to first-year and adult survival/
emigration ( ϕ rs ) rates of female reed buntings. Lines indicate values needed for  C r = 1 
in each local population in the different years, with estimates of  ϕ J rr ,  ϕ A rr and  β A r 
as calculated above and assuming no emigration from the network. Symbols give 
observed  ϕ rs rates. Any point above or below a given line would indicate that the 
respective local population was a source or sink, respectively. Calculations are based 
on the non-structured approach (Eq. 10.2). Note that in population Large 1, the lines 
for 2003 and 2005 strongly overlap. Note different scaling of x-axes. 
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Second, reed buntings in Britain are resident (Glutz von Blotzheim and Bauer 
 1997 ) and hence do not experience mortality during migration as the reed 
buntings studied here may do. Compared to other passerines, apparent annual 
first-year survival rates of female reed buntings in our study were rather low 
(citril finch  Serinus citrinella averages around 0.28—0.37, Senar  et al .  2003 ; lark 
bunting  Calamospiza melanocorys 0.19—0.25, Yackel Adams  et al .  2006 ). Reduced 
first-year survival had been implicated in the decline of British reed bunting 
populations (Peach  et al .  1999 ), and thus low first-year survival may be respon-
sible for the sink status of the local populations studied here. 
 In contrast, adult survival rates estimated in our study (0.38—0.59) were in 
the range of values reported from British reed buntings (adults of both sexes) 
by Siriwardena  et al . ( 1998 ) and Peach  et al . ( 1999 ) and from other passerines 
based on mark—recap ture analyses (e.g., Lebreton  et al .  1992 ; Brawn  et al .  1995 ; 
Powell  et al .  2000 ; Peach  et al .  2001 ; Senar  et al .  2003 ). We therefore conclude 
that adult survival was not the primary reason for the sink situation observed. 
 Finally, reproductive output may have been insufficient. Per capita produc-
tion of female fledglings ranged from 0.73 to 3.0 per year. Elsewhere, repro-
ductive performance values of the reed bunting were very similar (Glutz von 
Blotzheim and Bauer  1997 ; Keiser  2007 ), suggesting that per capita reproduct-
ive performance was not causing the sink status of the local populations. 
 Even though most  C r values were below 1, the  C r metric still provides a meas-
ure of relative worth for each local population. For example, all local popula-
tions provided emigrants to other local populations, even when classified as 
sinks. Although we do not know whether some of the emigrants leaving our 
study area ended up in source local populations, the situation (dispersal away 
from sinks) is reminiscent of a study on citril finches where higher emigration 
was observed from sinks to sources than vice versa (Senar  et al .  2003 ). 
 Our results further imply that small local populations need not be less valu-
able than large ones, given the very similar  C  r  values of S to L1, L2 and L3 ( Fig. 
10.4 ). This contrasts with the general notion that large habitat fragments, 
patches, local populations, etc. are more valuable than small ones from a con-
servation point of view (see also Robinson and Hoover,  Chapter 20 , this vol-
ume). In fact, small and large wetland fragments have previously been shown 
to be equally suited in terms of reproduction and recruitment for the reed 
bunting (Pasinelli  et al .  2008 ). The joint consideration of reproductive, survival, 
and emigration rates in the  C  r  metric again supports the idea that small local 
populations can be important components of population networks as well. 
Consequently, conservation efforts in favor of relatively small local populations 
may be as valuable as measures taken for larger populations (see also Falcy and 
Danielson,  Chapter 7 , this volume). Finally, simulation studies have consist-
ently shown population networks to be more viable than single populations 
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or networks consisting of relatively isolated local populations (e.g., Stacey and 
Taper  1992 ; Hanski  2005 ). Many small local populations may thus be at least 
as important as a few large populations in terms of long-term persistence of 
species, for example by providing emigrants to other similar populations, even 
though each single small local population may be classified as sink. 
 Acknowledgments 
 Access to nature reserves was granted by the Cantonal Office for Nature 
Conservation, which also provided us with maps and data on our study 
sites. Capturing and handling of birds was made possible thanks to permits 
from the Swiss Ornithological Institute, Sempach, and the Federal Office 
for the Environment, Berne. We thank K. Blum, C. Elmiger, P. Frei, E. Glaus, 
A. Gouskov, P. Halder, M. Keiser, B. Kurt, C. Mayer, and S. Michler for their 
great help during fieldwork. Genetically sexing the fledglings was done by 
A. Gouskov and C. Mayer. M. Kneubühler, B. Miranda, and P. Thee provided us 
with GPS equipment and invaluable advice. M. Schaub  provided advice with 
the program MARK, F. Korner-Nievergelt and H. Schmid helped with the maps 
in  Figure 10.1 , and three anonymous reviewers contributed helpful comments 
to previous versions of the manuscript. For financial support, we are grateful 
to the Swiss National Science Foundation (grant no. 3100A0—100150/1 to K. 
Schiegg and G. Pasinelli), Stiftung Zürcher Tierschutz, Fachstelle Naturschutz 
des Kantons Zürich, Georges und Antoine Claraz-Schenkung, Ala-Fonds zur 
Förderung der Feldornithologie, Ornithologische Gesellschaft Zürich, and 
Graf Fabrice von Gundlach und Payne  Smith-Stiftung. 
 References 
 Arctander ,  P. ( 1988 ).  Comparative studies of avian DNA by restriction fragment length 
polymorphism analysis: convenient procedures based on blood samples from live birds .  Journal 
of Ornithology  129 :  205 —216. 
 Bouwman ,  K. M. ,  C. M.  Lessells and  J.  Komdeur ( 2005 ).  Male reed buntings do not adjust parental 
effort in relation to extrapair paternity .  Behavioral Ecology  16 :  499 —506. 
 Bouwman ,  K. M. ,  R. E.  van Dijk ,  J. J.  Wijmenga and  J.  Komdeur ( 2007 ).  Older male reed buntings 
are more successful at gaining extrapair fertilizations .  Animal Behaviour  73 :  15 —27. 
 Brawn ,  J. D. ,  J. R.  Karr and  J.  D. Nichols ( 1995 ).  Demography of birds in a neotropical forest: effects 
of allometry, taxonomy, and ecology .  Ecology  76 :  41 —51. 
 Brown ,  J. H. and  A.  Kodric-Brown ( 1977 ).  Turnover rates in insular biogeography: effect of 
immigration on extinction .  Ecology  58 :  445 —449. 
 Bauer ,  H.-G. ,  M.  Peintinger ,  G.  Heine and  U.  Zeidler ( 2005 ).  Veränderungen der 
Brutvogelbestände am Bodensee: Ergebnisse der halbquantitativen Gitterfeldkartierungen 
1980, 1990 und 2000 .  Die Vogelwelt  126 :  141 —160. 
 Burnham ,  K. P. and  D. R.  Anderson ( 2002 ).  Model Selection and Inference: A Practical Information-
Theoretic Approach .  Springer ,  New York . 
9780521199476c10_p216-238.indd   236 5/18/2011   5:19:36 PM
Source—sink status of small and large wetland fragments 237
 Caswell ,  H. ( 2001 ).  Matrix Population Models: Construction, Analysis, and Interpretation .  Sinauer 
Associates ,  Sunderland, MA . 
 Dale ,  S. ,  A.  Lunde and  O.  Steifetten ( 2005 ).  Longer breeding dispersal than natal dispersal in the 
ortolan bunting .  Behavioral Ecology  16 :  20 —24. 
 Dixon ,  A. ,  D.  Ross ,  S. L. C.  O’Malley and  T.  Burke ( 1994 ).  Paternal investment inversely related to 
degree of extra-pair paternity in the reed bunting .  Nature  371 :  698 —700. 
 Glutz von Blotzheim ,  U. N. and  K. M.  Bauer ( 1997 ).  Handbuch der Vögel Mitteleuropas .  Aula , 
 Wiesbaden, Germany . 
 Griffith ,  S. C. ,  I. P. F.  Owens and  K. A.  Thuman ( 2002 ).  Extra-pair paternity in birds: a review of 
interspecific variation and adaptive function .  Molecular Ecology  11 :  2195 —2212. 
 Griffiths ,  R. ,  M.  C. Double ,  K.  Orr and  R. J. G.  Dawson ( 1998 ).  A DNA test to sex most birds . 
 Molecular Ecology  7 :  1071 —1075. 
 Hanski ,  I. ( 1999 ).  Metapopulation Ecology .  Oxford University Press ,  Oxford, UK . 
 Hanski ,  I. ( 2005 ).  The Shrinking World: Ecological Consequences of Habitat Loss .  International Ecology 
Institute ,  Oldendorf/Luhe, Germany . 
 Harrison ,  S. ( 1991 ).  Local extinction in a metapopulation context: an empirical evaluation . In 
 Metapopulation Dynamics: Empirical and Theoretical Investigations ( M. E.  Gilpin and  I.  Hanski , eds.). 
 Academic Press ,  London :  73 —88. 
 Hestbeck ,  J. B. ,  J. D.  Nichols and  R. A.  Malecki ( 1991 ).  Estimates of movement and site fidelity 
using mark—resight data of wintering Canada geese .  Ecology  72 :  523 —533. 
 Hixon ,  M. A. ,  S. W.  Pacala and  S. A.  Sandin ( 2002 ).  Population regulation: historical context and 
contemporary challenges of open vs. closed systems .  Ecology  83 :  1490 —1508. 
 Kawecki ,  T. J. ( 2004 ).  Ecological and evolutionary consequences of source—sink population 
dynamics . In  Ecology, Genetics and Evolution of Metapopulations ( I.  Hanski and  O. E.  Gaggiotti , eds.). 
 Academic Press ,  San Diego, CA :  387 —446. 
 Keiser ,  M. ( 2007 ).  Habitat occupation strategies and breeding behaviour in reed buntings 
( Emberiza schoeniclus ) . PhD thesis,  Departement für Biologie, Abteilung Ökologie und Evolution, 
Universität Freiburg ,  Freiburg, Switzerland . 
 Kleven ,  O. and  J. T.  Lifjeld ( 2005 ).  No evidence for increased offspring heterozygosity from 
extrapair mating in the reed bunting ( Emberiza schoeniclus ) .  Behavioral Ecology  16 :  561 —565. 
 Krementz ,  D. G. ,  J. D.  Nichols and  J. E.  Hines ( 1989 ).  Postfledging survival of European starlings . 
 Ecology  70 :  646 —655. 
 Lebreton ,  J.-D. ,  K. P.  Burnham ,  J.  Clobert and  D. R.  Anderson ( 1992 ).  Modelling survival and 
testing biological hypotheses using marked animals: a unified approach with case studies . 
 Ecological Monographs  62 :  67 —118. 
 Matthysen ,  E. ( 1999 ).  Nuthatches ( Sitta europaea : Aves) in forest fragments: demography of a 
patchy population .  Oecologia  119 :  501 —509. 
 Mayer ,  C. ( 2009 ). Living in a naturally fragmented world: from extra-pair paternity in local 
populations to spatial population structure of the Reed bunting ( Emberiza schoeniclus ) across 
Europe. PhD thesis, Institute of Zoology, University of Zurich, Switzerland. 
 Mayer ,  C. ,  K.  Schiegg  and  G.  Pasinelli  ( 2009 ).  Patchy population structure in a short-distance 
migrant: evidence from genetic and demographic data .  Molecular Ecology  18 :  2353 —2364. 
 Morris ,  W. F. and  D. F.  Doak ( 2002 ).  Quantitative Conservation Biology: Theory and Practice of Population 
Viability Analysis .  Sinauer Associates ,  Sunderland, MA . 
 Naef-Daenzer ,  B. ,  F.  Widmer and  M.  Nuber ( 2001 ).  Differential post-fledging survival of great and 
coal tits in relation to their condition and fledging date .   Journal of Animal Ecology  70 :  730 —738. 
 Ovaskainen ,  O. and  I.  Hanski ( 2003 ).  How much does an individual habitat fragment contribute to 
metapopulation dynamics and persistence?  Theoretical Population Biology  64 :  481 —495. 
 Paradis ,  E. ,  S. R.  Baillie ,  W. J.  Sutherland and  R. D.  Gregory ( 1998 ).  Patterns of natal and breeding 
dispersal in birds .  Journal of Animal Ecology  67 :  518 —536. 
 Pasinelli ,  G. and  K.  Schiegg ( 2006 ).  Fragmentation within and between wetland reserves: the 
importance of spatial scales for nest predation in reed buntings .  Ecography  29 :  721 —732. 
9780521199476c10_p216-238.indd   237 5/18/2011   5:19:36 PM
g i l b e r t o  p a s i n e l l i , j o n a t h a n  p. r u n g e  a n d  k a r i n  s c h i e g g238
 Pasinelli ,  G. ,  C.  Mayer ,  A.  Gouskov and  K.  Schiegg ( 2008 ).  Small and large wetland fragments are 
equally suited breeding sites for a ground-nesting passerine .  Oecologia  156 :  703 —714. 
 Peach ,  W. J. ,  D. B.  Hanmer and  T. B.  Oatley ( 2001 ).  Do southern African songbirds live longer than 
their European counterparts?  Oikos  93 :  235 —249. 
 Peach ,  W. J. ,  G. M.  Siriwardena and  R. D.  Gregory ( 1999 ).  Long-term changes in over-winter 
survival rates explain the decline of reed buntings  Emberiza schoeniclus in Britain .  Journal of 
Applied Ecology  36 :  798 —811. 
 Powell ,  L. A. ( 2007 ).  Approximating variance of demographic parameters using the Delta 
method: a reference for avian biologists .  Condor  109 :  949 —954. 
 Powell ,  L. A. ,  J. D.  Lang ,  M. J.  Conroy and  D. G.  Krementz ( 2000 ).  Effects of forest management 
on density, survival, and population growth of wood thrushes .  Journal of Wildlife Management 
 64 :  11 —23. 
 Pradel ,  R. ,  C. M. A.  Wintrebert and  O.  Gimenez ( 2003 ).  A proposal for a goodness-of-fit test to the 
Arnason—Schwarz multisite capture—recapture model .  Biometrics  59 :  43 —53. 
 Pulliam ,  H. R. ( 1988 ).  Sources, sinks, and population regulation .  American Naturalist  132 :  652 —661. 
 Runge ,  J. P. ,  M. C.  Runge and  J. D.  Nichols ( 2006 ).  The role of local populations within a landscape 
context: defining and classifying sources and sinks .  American Naturalist  167 : 925—938. 
 Schmid ,  H. ,  R.  Luder ,  B.  Naef-Daenzer ,  R.  Graf and  N.  Zbinden ( 1998 ).  Schweizer 
Brutvogelatlas: Verbreitung der Brutvögel in der Schweiz und im Fürstentum Liechtenstein  1993—1996 . 
 Schweizerische Vogelwarte ,  Sempach, Switzerland . 
 Senar ,  J. C. ,  M. J.  Conroy and  A.  Borras ( 2003 ).  Asymmetric exchange between populations 
differing in habitat quality: a metapopulation study on the citril finch .  Journal of Applied Statistics 
 29 :  425 —441. 
 Sillett ,  T. S. and  R. T.  Holmes ( 2002 ).  Variation in survivorship of a migratory songbird throughout 
its annual cycle .  Journal of Animal Ecology  71 :  296 —308. 
 Silvestri ,  G. ( 2006 ).  Do food supply and reproductive success vary with site size?  Institute of Zoology, 
University of Zurich ,  Zurich . 
 Siriwardena ,  G. M. ,  S. R.  Baillie and  J. D.  Wilson ( 1998 ).  Variation in the survival rates of some 
British passerines with respect to their population trends on farmland .  Bird Study  45 :  276 —292. 
 Stacey ,  P. B. and  M.  Taper ( 1992 ).  Environmental variation and the persistence of small 
populations .  Ecological Applications  2 :  18 —29. 
 Surmacki ,  A. ( 2004 ).  Habitat use by reed bunting  Emberiza schoeniclus in an intensively used 
farmland in western Poland .  Ornis Fennica  81 :  137 —143. 
 Thomson ,  D. L. ,  S. R.  Baillie and  W. J.  Peach ( 1999 ).  A method for studying post-fledging survival 
rates using data from ringing recoveries .  Bird Study  46 :  S104—S11 1. 
 Van Noordwijk ,  A. J. ( 1984 ).  Problems in the analysis of dispersal and a critique on its 
“heritability” in the great tit .  Journal of Animal Ecology  53 :  533 —544. 
 Walters ,  J. R. ( 1998 ).  The ecological basis of avian sensitivity to habitat fragmentation . In  Avian 
Conservation: Research and Management ( J. M.  Marzluff and  R.  Sallabanks , eds.).  Island Press , 
 Washington, DC :  181 —192. 
 Weatherhead ,  P. J. and  M. R. L.  Forbes ( 1994 ).  Natal philopatry in passerine birds: genetic or 
ecological influences?  Behavioral Ecology  5 :  426 —433. 
 White ,  G. C. and  K. P.  Burnham ( 1999 ).  Program MARK: survival estimation from populations of 
marked animals .  Bird Study  46 :  S120 —S139. 
 Yackel Adams ,  A. A. ,  S. K.  Skagen and  J. A.  Savidge ( 2006 ).  Modeling post-fledging survival of lark 
buntings in response to ecological and biological factors .  Ecology  87 :  178 —188. 
 
9780521199476c10_p216-238.indd   238 5/18/2011   5:19:36 PM
